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ABSTRACT
Aims. We aim to determine far-infrared fluxes at 70, 100, and 160 µm of the five major Uranus satellites Titania, Oberon, Umbriel,
Ariel and Miranda, based on calibration observations at those wavelengths taken previously with the photometer PACS-P aboard the
Herschel Space Observatory.
Methods. The bright image of Uranus is subtracted using a scaled Uranus point spread function (PSF) reference established from all
maps of each wavelength in an iterative process removing the superimposed moons. Photometry of the satellites is performed by PSF
photometry. Thermophysical models of the icy moons are fitted to the photometry of each measurement epoch and auxilliary data at
shorter wavelengths.
Results. The best fitting thermophysical models provide constraints for important thermal properties of the moons like surface rough-
ness and thermal inertia. We present the first thermal infrared radiometry longward of 50 µm of the four largest Uranian moons,
Titania, Oberon, Umbriel and Ariel, at epochs with equator-on illumination. Due to this inclination geometry there was heat transport
to the night side so that thermal inertia played a role, allowing us to constrain that parameter. Also some indication for differences
in the thermal properties of leading and trailing hemispheres is found. The total combined flux contribution of the four major moons
relative to Uranus is 5.7×10−3, 4.8×10−3 and 3.4×10−3 at 70, 100, and 160 µm, respectively. We therefore specify precisely the sys-
tematic error of the Uranus flux by its moons, when using Uranus as a far-infrared prime flux calibrator. Miranda is considerably
fainter and was always close to Uranus so that reliable photometry was not feasible.
Conclusions. We have successfully demonstrated an image processing technique for PACS photometer data allowing to remove a
bright central source and reconstructing point source fluxes of the order of 10−3 of the central source as close as ≈3× the Half Width
at Half-Maximum (HWHM) of the PSF. We have established improved thermophysical models of the five major Uranus satellites.
Derived thermal inertia values resemble more those of TNO dwarf planets Pluto and Haumea than those of smaller TNOs and Centaurs
at heliocentric distances of about 30 AU.
Key words. Space vehicles: instruments – Techniques: image processing – Techniques: photometric – Infrared: planetary systems –
Radiation mechanisms: thermal – Planets and satellites: individual: Uranus, Oberon, Titania, Umbriel, Ariel, Miranda
1. Introduction
The planet Uranus is a well suited primary flux standard at
the upper end of the accessible flux range for a number of
contemporary far-infrared space and airborne photometers, like
ISOPHOT (Lemke et al. 1996), Herschel-PACS (Poglitsch et al.
2010) and HAWC+ (Harper et al. 2018). Uranus is also an
important flux/amplitude calibrator for submm/mm/cm ground-
based observatories, e.g. IRAM (Kramer et al. 2008) or JCMT
(SCUBA-2) (Chapin et al. 2013).
Uranus was routinely observed during the Herschel mis-
sion (Pilbratt et al. 2010) as part of the PACS photometer 70,
100, and 160 µm filter flux calibration program, in particular for
a quantitative verification of the flux non-linearity correction for
PACS (Müller et al. 2016).
Due to its flux density of > 500 Jy, Uranus exhibits an ex-
tended intensity profile in the PACS maps which reaches out to
radii > 1′, and overwhelms the emission from its moons. An ex-
? Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.
ample is the Uranus image shown in the left panel of Fig. 1.
Nevertheless, by detailed comparison of the Uranus image with
a PACS reference PSF (Fig. 1 middle), it is possible to trace extra
features on top of the Uranus PSF. That is how we recognized the
two largest and most distant of the five major Uranian moons, Ti-
tania and Oberon, in the PACS maps. (Titania and Oberon were
discovered by the name patron of the Herschel Space Observa-
tory, William (Wilhelm) Herschel, himself). In the following sec-
tions we will describe the method used to generate the Uranus
reference PSF and subtract it from the maps in order to extract
FIR fluxes for all five major moons of Uranus. This photometry
will be compared with thermophysical modelling of the moons.
2. Data reduction
2.1. Input maps for Uranus PSF reference
The key to a good PSF subtraction is to have a good reference
PSF. Since Uranus is a slightly extended source (≈3′′.5), the stan-
dard PACS PSF references based on maps of the asteroids Ceres
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Fig. 1. PACS 70 µm scan map of Uranus (OBSIDs 1342223982+83) from OD 789 (2011-07-12T01:21:57). Pixel scale is 1′′.1. Left: Original map
generated by high-pass filtering and co-addition of scan and cross-scan containing Uranus plus its moons. This map was actually generated as an
average of the nine different map parameter data sets per scan direction Middle: Convolved Uranus point spread function for OD 789 generated
from the Uranus reference PSF by PSF matching, cf. Sect. 2.3. It is showing a number of pronounced PSF features while the absence of Titania and
Oberon is clearly visible. Right: Residual map after subtraction of the convolved Uranus PSF map from the original map. The four Uranus moons
Titania, Umbriel, Ariel and Oberon become clearly visible. For better visualization different flux scales were used for the individual images.
and Vesta (Lutz 2015)1 did not provide adequate PSF subtrac-
tion results. We therefore decided to construct a Uranus refer-
ence PSF (Ref PSF from now on) out of the individual Uranus
maps in each PACS filter.
The Herschel Science Archive contains twenty individual
scan map measurements of Uranus, taken over the entire course
of the mission at five distinct epochs (cf. Table A.1). Within each
of those five epochs, four scan map observations were taken ap-
proximately 6 min apart from each other. The PACS photometer
could take data simultaneously in the 160 µm filter and either
the 70 µm or 100 µm filter. The starting point of our PSF analy-
sis were the ten 70 and 100 µm and their twenty 160 µm, high-
pass filtered and flux calibrated level 2 scan maps produced for
the Uranus photometry as published in Müller et al. (2016). The
data reduction and calibration performed in HIPE2 (Ott 2010)
up to this level is described in Balog et al. (2014). A general
description of PACS high-pass filter processing is given in the
PACS Handbook (Exter et al. 2018). In order to determine any
dependence of our PSF photometry on the data reduction, we
re-processed the maps with a variety of map parameter com-
binations for HPF radius and pixfrac, as listed in Table 1. The
variation of the results among the nine different created maps
of the same observation identifier (OBSID) is one component in
our photometric uncertainty assessment. The related uncertainty
is listed under σred in Tables A.1 - A.6.
2.2. Establishment of Uranus reference PSF
As a first step the WCS (world coordinate system) astrometries
of the images were corrected by finding the centre of Uranus.
This was crucial to correct the majority of astrometric uncertain-
ties of the images. In addition to the standard flux calibration in
HIPE a final flux calibration step was done by removing the de-
pendence of the detector response on the telescope background,
a calibration feature which is described in Balog et al. (2014).
1 https://www.cosmos.esa.int/documents/12133/996891/PACS+
photometer+point+spread+function, Fig. 7
2 HIPE is a joint development by the Herschel Science Ground Seg-
ment Consortium, consisting of ESA, the NASA Herschel Science Cen-
ter, and the HIFI, PACS and SPIRE consortia.
Table 1. Used scan map parameters for the input maps of the PSF fit-
ting step. FWHMPS F is the average full width-half maximum of the
point spread function for a point-like source in the corresponding filter.
"outpix" is the output pixel size in the final map. This was kept constant,
which means a sampling of the PSF FWHM by 5 pixels in each filter.
"HPF" is the abbreviation for high pass filter, "pixfrac" is the ratio of
drop size to input pixel size used for the drizzling algorithm (Fruchter
& Hook 2002) within the photProject() mapper.
Filter FWHMPS F outpix HPF radiusa pixfrac
(µm) (") (")
70 5.6 1.1 15, 20, 35 0.1, 0.5, 1.0
100 6.8 1.4 15, 20, 35 0.1, 0.5, 1.0
160 10.7 2.1 30, 40, 70 0.1, 0.5, 1.0
Notes. (a) This parameter determines the elementary section of a scan
over which the high-pass filter algorithm computes a running median
value. Its unit is "number of read-outs". The spatial interval between
two readouts is αro = vscanνro . For the standard νro = 10 Hz read-out scheme
in PACS prime mode, and a scan speed vscan = 20"/s, the spatial interval
αro between two read-outs corresponds to 2". The entire width of the
HPF window (") = [(2 × HPF radius) + 1] × αro.
The relation of detector responsivity with telescope background
could be established from the Uranus observations themselves
with a very high S/N. All images were then flux normalized to a
mean Uranus-to-Herschel distance and rotated to the same refer-
ence angle. The distance correction was in the order of 6%, while
the detector response correction with telescope background was
in the order of 1%. Details of these flux corrections are detailed
in Appendix B. After these corrections the uncertainty of Uranus
flux was within a remarkable 0.19% - 0.27% depending on the
filter, proving the outstanding flux stability of the PACS instru-
ment. This was important, because flux variation could have a
negative effect on the creation of the median image for the Ref
PSF in the next steps. On the other hand, an arbitrary normal-
ization compensating for the flux differences would render any
photometry afterwards unreliable.
Four times oversampling was used for the Ref PSF (FWHM
was sampled by 20 pixels) to mitigate the information loss by
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Fig. 2. The flowchart of the iteration cycle. The dashed boxes show the
three main parts of the iteration loop. The calculation starts at bottom
left by initial WCS correction of the raw images. The iteration cycle is
stopped when the fit parameters do not change significantly. 25 iteration
cycles were needed for each dataset with different HPF and pixfrac val-
ues and of course each filter. Final, Uranus subtracted images are at the
bottom right.
the re-sampling of the data back and forth. A separate Ref PSF
was generated for each of the two scan directions, due to small
differences between them. The very first Ref PSF was generated
by a simple median over the individual images on each pixel.
The median removed the orbiting moons for most of the pixels
around the PSF centre. However, for some areas of the Ref PSF
the moons were overlapping multiple times. To remove the rem-
nants of the moons at these spots the generation of the Ref PSF
was done in an iteration loop. The iteration loop also corrected
small distortions and flux differences between the images (called
PSF matching, see Section 2.3) and further enhanced the astrom-
etry of the images. The iteration loop is shown on Fig. 2. Its three
main parts are:
I.) Generating a Ref PSF. The improved Ref PSF was gener-
ated from moon-cleaned individual images, calculated in the
previous loop.
II.) Improving the astrometry (RA and Dec) of Uranus and the
moons.
III.) Decomposing the individual images into matched PSFs at the
position of Uranus and its five major moons. These are called
the Uranus component and the Moon component (including
all 5 moons) of a given image.
The iteration loop stopped, when no significant change was
found for the Ref PSF, nor any flux change for the moons.
2.3. PSF matching
As the Uranus Ref PSF was generated from the measurements
themselves, we got already good results by the simplest way to
generate the Uranus component. The simplest way was to use the
Ref PSF from the previous iteration loop, multiplied by a sim-
ple relative flux parameter. This parameter was fitted for each
measurement to take into account the flux changes of Uranus.
Similarly, 5 flux parameters were used for the Moon component,
fitted for each moon to take into account the relative flux differ-
ence of Uranus and its moons.
The Uranus PSF shape was changing slightly between im-
ages. To adjust these individual differences we convolved the Ref
PSF with normalized kernel matrices. Fitting 5×5 normalized
kernel elements to the individual images improved the Uranus
PSF subtraction near the centre of the PSF, making even the in-
ner moons visible in some cases.
The PSF difference between the Uranus and its moons were
clearly visible by leaving doughnut artefacts at the residual im-
ages of the moons. Using a simple 3×3 sharpening kernel for the
moon PSFs completely eliminated this issue, originated clearly
from their PSF size differences. The moons and Uranus had the
same small distortions on the same image, therefore we applied
the sharpening kernel to the (already PSF-matched) Uranus com-
ponent of a given image, instead of the Ref PSF.
The Moon component of an image was generated by shift-
ing the Moon PSF to the moon positions at a given epoch and
multiplied by the relative flux parameter of each moon.
The optimal sizes of the kernels change with wavelength.
To have the same number of free parameters and constraints for
all wavelengths, we implemented a spatial scale factor for the
kernels. In this scaled kernel image convolution the kernel val-
ues were used to weight the -2d, -1d, 0d, 1d, 2d distance units
shifted Ref PSF instances around Uranus in X and Y-direction.
Where the d units were d70 = 1.5, d100 = 1.25 and d160 = 1 map
pixels for the 70, 100, and 160 µm images, respectively. Finally
all shifted elements were added together and were multiplied by
a relative flux parameter. Note here, that this scaled kernel image
convolution becomes a traditional image convolution with d = 1
pixel shift distance unit.
Fig. 3 shows an example of the kernels. The 5×5 Uranus
kernel is in blue and the 3×3 moon kernels are in black. See an
example of a fitted Moon component at the middle and residual
image at the right of Fig 4.
The major part of the iteration loop was to fit these kernels
and flux parameters to each individual image. For the fitting pa-
rameters the crucial point was to find a good balance between
constraints and free parameters. The constraints were:
1.) Until the very last iteration loop the flux of each moon was
set constant for all observation epochs. This was crucial, be-
cause with this constraint the flux of a given moon was fitted
dominantly to those epochs where it was farther away from
the centre of Uranus, due to the higher SNR of the image at
those pixels. The noise estimate was taken from the associ-
ated standard deviation map of the image product.
2.) Although the optimal kernels were not symmetric for all in-
dividual images, it was crucial to impose symmetry on the
kernels. The PSFs of the nearby moons were overlapping
with some image convolution elements, making the fit re-
dundant for their kernel elements. See e.g. Fig. 3 where the
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kernels of Uranus and Oberon are overlapping. This redun-
dancy would incorrectly elevate some of the kernel compo-
nents of Oberon, reducing the Uranus kernel values propor-
tionally. Implementing rotational symmetry for the kernels
solved these redundancies. The Uranus kernel therefore was
an average of two 5×5 kernels with 180o and 120o rotation
symmetric elements.
3.) The more point-like Moon PSF was generated by a convolu-
tion of the Uranus component with the simplest (2 parame-
ter) 90o rotation symmetric 3×3 normalized sharpening ker-
nel. These fitted kernel elements were constant for all the
epochs and the same for all moons, as the relative diameter
ratios of Uranus and its moons can be considered as constant.
4.) The last free parameters to be fitted were the X and Y spatial
offsets of the images to improve the relative positions of the
individual PSFs. The PSF subtraction is very sensitive to any
offset. An ≈100 mas uncertainty of the Uranus centre would
result in a quite significant residual pattern.
5.) In the last iteration loop all previously fitted parameters were
fixed, but the constant moon flux constraint was released.
This last fit showed the variability of the moon fluxes from
their averages for each epoch.
Fig. 3. Kernel positions of Uranus (5×5, in blue) and the moons
(3×3, in black) shown on the Uranus subtracted product of OBSID
1342211117+18. Overlapping kernel elements (Uranus and Oberon on
this given example here) caused redundancy in the fit of these kernel el-
ements. Rotational symmetries were introduced into the kernels to elim-
inate this issue. The flux scale of the image is the same as on Fig. 4.
2.4. PSF subtraction
After fitting of all parameters to all individual images at the same
time, two intermediate outputs were generated.
1.) The Uranus component subtracted images.
2.) The Moon component subtracted images for Ref PSF gener-
ation at the beginning of the next iteration loop. This ensures
that remnants of the moons on the Ref PSF are gradually re-
moved with each iteration.
After the last iteration loop the Uranus and Moon compo-
nents were saved into the FITS files of the final moon map prod-
ucts. Subtracting both the Uranus and Moon components give
the residual image. A residual image seen at the right of Fig. 4
clearly proves the correctness of the fit parameters and the right
balance of free fit parameters and constraints.
3. Maps of the Uranian moons
All data products with the PSF subtracted maps and including
the convolved Uranus PSF and the moon PSFs in additional ex-
tensions will be available in FITS format as Herschel Highly
Processed Data Products (HPDPs) 3 in the Herschel Science
Archive.
Figs. A.1 to A.2 show the final actual maps of the Uranian
moon constellations with the Uranus PSF subtracted for the 5 ob-
servation epochs. The corresponding scan and cross-scan maps
have been averaged. It is obvious that there is an inner area where
the PSF subtraction does not work perfectly. This area is quanti-
fied by the results illustrated in Fig. 5.
4. Photometry of the Uranian moons
The PSF photometry of the moons is the side product of our PSF
subtraction itself, as we have to fit and subtract the moons to
get a moon-cleared image for the Ref PSF generation. In com-
parison with aperture photometry the constraint of knowing the
exact PSF shape gives extra information into the PSF photom-
etry, providing better results in crowded fields for overlapping
sources. To get additional confidence in our PSF photometry,
we have also performed standard aperture photometry, whenever
any moon was well separated from Uranus.
4.1. PSF photometry
An example for PSF photometry fit results is shown in
Fig. 4 for the combined scan and cross-scan map of OBSIDs
1342211117+18 from which 70 µm photometry of all 5 moons
can be obtained. The PSF images of Oberon and Miranda are
disturbed in the residual map due to imperfect Uranus PSF sub-
traction in this central area, nevertheless a significant fraction
of the moon PSF is available to recover the total flux and recon-
struct the intensity distribution. As already mentioned earlier, the
fitting algorithm weights the pixels with their sigma value using
the associated standard deviation map of the image product. In
the case of Miranda the PSF is fitted dominantly to this outer part
of the Uranus PSF, where the SNR of the pixels are higher than
the ones closer to the Uranus centre. Of course the uncertainty
of the PSF fit worsens, if only part of the PSF is available.
The unitless PSF flux fit parameters were relative fluxes,
used to weight the Ref PSF. To get the flux in Jy from these
weights, they have to be multiplied with the aperture photom-
etry of the Ref PSF, in other words the average flux of Uranus
over the measurements. The flux uncertainties were calculated
the same way from the unitless 1-sigma parameter error values
of the PSF fit parameters. This is the second component in our
photometric uncertainty assessment. The related value is listed
under σpar.
4.2. Aperture photometry
On the Uranus subtracted products we have performed stan-
dard aperture photometry too, as described in the PACS Hand-
book (Exter et al. 2018), Sect. 7.5.2. Subtracting all other moons
from the product (except the one we were measuring) clearly
enhanced the aperture photometry results. Still it was possible
when a given moon was well separated from Uranus at a given
epoch. This is mainly the case for Oberon and Titania, while
3 https://www.cosmos.esa.int/web/herschel/highly-processed-data-
products
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Fig. 4. 70 µm PSF photometry of Uranian moons for OBSIDs 1342211117+18 on OD 579. Left: Actual moon map after subtraction of the
convolved Uranus PSF. The centres of the 5 moons are marked by black crosses and are labelled. The red cross inside the red circle indicates the
approximate centre of the Uranus PSF. The circle has a radius of 7′′.8 and circumscribes an area of significant PSF subtraction residuals (see right
figure) inside which the photometric S/N ratios are degraded (cf. Fig. 5). Middle: Moon component of the image, by fitting a sharpening kernel and
relative flux parameter for the reference PSF at the position of each moon (here indicated by black crosses). This Moon component map recovers
also intensity inside the circle area where the PSFs are disturbed in the map with the Uranus PSF subtracted. The moon PSF map is displayed with
a larger dynamic range than the moon map. Right: Residuals map (Moon map minus Moon PSF map) providing a judgement of the quality of the
fit. The centres of the five moons and Uranus are marked here by white crosses and are labelled. For comparability we used the same flux scale for
all three images.
unfortunately the number of comparison cases for Umbriel and
Ariel is quite limited, in particular at 160 µm (70 µm: 8 cases,
100 µm: 4 cases, 160 µm: 0 cases).
The detailed comparison of PSF photometry with aper-
ture photometry has been compiled in Table A.7. A statistical
overview is given in Table 2. From this it can be seen that the
consistency of the two photometric methods is very good (within
3–4%), thus confirming the principal quality of our PSF photom-
etry procedure. This does, however, not exclude that individual
fits may be unreliable or even fail, in particular in areas with high
PSF residuals or confusion by close sources. The uncertainty of
the fit gives then already good advice on the reliability.
The aperture photometry shows on average a systematic 3–
4% negative flux offset with regard to the PSF photometry. This
flux loss was a result of the small apertures and sky radii to
achieve good residual rejection.
Table 2. Comparison of PSF photometry with standard aperture pho-
tometry for a number of measurements n, when an Uranian moon was
far enough off Uranus and the other moons to allow relatively undis-
turbed aperture measurements.
Filter n f
PSF
f aper
70 26 1.030±0.003
100 22 1.032±0.005
160 28 1.036±0.004
4.3. Photometry results
In Fig. 5 we have plotted the PSF photometry fluxes and their un-
certainties and the corresponding signal-to-noise ratios (S/N) of
the individual measurements depending on distance of the Ura-
nian moon from the Uranus position for each filter. As a general
feature one notices that uncertainties increase and hence S/N ra-
tios degrade noticeably inside a certain radius, which is ≈ 7′′.8,
11′′.1, and 17′′.8 for 70, 100, and 160µm, respectively (these radii
scale with λc of the filter). This is due to PSF residuals as seen
in Figs. A.1 to A.3. It should be noted that negative fluxes and
hence negative S/N ratios do not occur, since the PSF fit pro-
duces either positive fluxes or fails. For the photometry of the
individual moons the following can be concluded:
• The S/N ratios of all Titania measurements are >10, so that
all measurements should be very reliable.
• The S/N ratios of the Oberon measurements for epochs 2 –
5 are all >10, so that all these measurements should be very
reliable. Regarding the measurements of the first epoch the
moon is inside the critical radius. Nevertheless S/N at 70 and
100 µm are still &10, so that their quality should be medium.
At 160µm the S/N ratios are <10, so that this photometry is
less reliable.
• For Umbriel the S/N ratios of the 70 and 100 µm measure-
ments of epochs 1 and 5, which are outside the critical radius,
are of very high quality. The corresponding 160 µm fluxes
have S/N ratios .10, so that they are less reliable. The S/N ra-
tios for the 70 and 100 µm measurements of epochs 2 – 4 are
between 10 – 50, so that their quality should be still medium.
However, the corresponding 160 µm fluxes have S/N ratios 2
– 5, so that this photometry is less reliable.
• For Ariel the S/N ratios of the 70 and 100 µm measurements
of epochs 1 to 3 have medium to high quality (&10 – <100).
The S/N ratios of the 70 and 100 µm measurements of epochs
4 and 5 are .10, so that they are less reliable. The S/N ratios
of all 160 µm measurements are .3, so that they are likely
quite inaccurate.
• For Miranda, which is considerably fainter than the other
four moons and always close to Uranus, the S/N ratios of
the 70 µm measurements of epochs 1 and 3 are in the range
of 1 – 3. These measurements indicate the order of flux, but
they are not very reliable. All other measurements at 70 and
100µm have S/N ratios .1, so that individual measurements
are not reliable at all. At 160 µm S/N ratios are <<1.
Article number, page 5 of 25
A&A proofs: manuscript no. detre_uranusmoons
Fig. 5. Upper panel: Derived fluxes fmoon from PSF photometry and their uncertainties σtot depending on distance of the Uranian moon from
the Uranus position for the 70, 100, and 160 µm filter, respectively. Lower panel: Corresponding signal-to-noise ratios (S/N = fmoon
σtot
). The dashed
vertical line at ≈ 7′′.8, 11′′.1, and 17′′.8, respectively (scaling with λc of the filter) indicates a radius inside which the uncertainty increases and the
S/N degrades noticably due to PSF residuals.
Small S/N ratios mean some restriction in the subsequent
analysis. One should bear in mind that this is not a deficiency
of the observation design, since the original design with just one
modular mini scan map was meant to observe Uranus, so that
signal-to-noise ratios for the moons are naturally not optimal.
The results of photometry from the individual scan maps
are given in Tables A.2 to A.6 in Appendix A.5. For com-
pleteness we compile the Uranus photometry in Table A.1 of
Appendix A.4. This table gives both the actually measured
flux fmeasuredi,Uranus and a flux normalized to a reference distance
f distancecorrectedi,Uranus which is needed in generating the PSF reference.
The determination of the distance corrected Uranus flux is de-
scribed below.
Table 3 provides an overview of the Uranian moon photom-
etry with mean fluxes. For it a weighted mean moon-to-Uranus
flux ratio was calculated from the individual photometry results
listed in Tables A.1 to A.6,(
fmoon
fUranus
)mean
λ
=
∑n
i=1
(
fmeasuredi,moon
fmeasuredi,Uranus
)
λ
(
1
σi,tot
)2
∑n
i=1
(
1
σi,tot
)2 , (1)
using the σi,tot of the moon photometry as weights. For the cal-
culation of the mean moon fluxes a weighted mean Uranus flux
at a mean distance of all Herschel observations is used. The
mean Uranus distance is derived from the ∆obs,i of the 20 in-
dividual observations (∆obs,mean =
∑20
i=1 ∆obs,i
20 = 20.024 AU; for the
∆obs,i cf. Table A.1). Individual distance corrected Uranus fluxes
f distancecorrectedi,Uranus are determined by scaling the measured Uranus
flux fmeasuredi,Uranus with the correction factor cdist =
(
∆obs,i
∆obs,mean
)2
(see
also Table B.1 for values of cdist per observation epoch). The
weighted mean Uranus flux is then calculated as
fmeanUranus,λ =
∑n
i=1
fdistancecorrectedi,Uranus
σ2i,tot∑n
i=1
1
σi,tot
2 , (2)
using the σi,tot of the individual Uranus measurements as
weights. These mean distance corrected fluxes of Uranus are
listed in Table 3, too. The mean moon flux is then calculated
as
fmeanmoon,λ =
(
fmoon
fUranus
)mean
λ
× fmeanUranus,λ. (3)
The combined flux contribution of the four largest moons rel-
ative to the Uranus flux is 5.7×10−3, 4.8×10−3 and 3.4×10−3 at
70, 100, and 160 µm, respectively. Hence, earlier published pho-
tometry of Uranus (Müller et al. 2016) not subtracting the moon
contribution is not invalidated by our new results. We rather
specify more precisely the systematic error of the Uranus flux
by its moons, when using Uranus as a far-infrared prime flux
calibrator. The fluxes in column ftotal of Table A.1 are very con-
sistent with those in Table B.1, column "Flux" in Müller et al.
(2016) ( f
thispaper
tot
fMueller2016Uranus
= 1.005±0.005, 1.009±0.003, and 1.014±0.004
at 70, 100, and 160 µm, respectively).
No dependence of the moon fluxes on the distance to Uranus
is expected, since all moons have orbits with small eccentricity.
The variation of the angular separation of the moons to Uranus
is a pure projection effect due to the inclination of the Uranian
system.
Another plausibility check of the PACS photometry can be
obtained from FIR two-colour diagrams. In Fig. 6 we show in-
dividual two-colour diagrams for the Uranian moons. The PACS
fluxes are not colour corrected and refer to the PACS standard
photometric reference SED ν × fν = const. Modified blackbody
functions ν
β
ν
β
0
Bν(Tb) are good first order approximations for dust
emission. Emission from the surface regolith of satellites is usu-
ally well approximated by pure blackbody emission, i.e. β should
be zero or small. We calculated the two PACS colours of modi-
Article number, page 6 of 25
Ö.H. Detre et al.: Herschel-PACS photometry of Uranus’ five major moons
Table 3. Mean fluxes of the Uranian moons (Eqn. 3) calculated from a weighted mean moon-to-Uranus flux ratio (Eqn. 1) and and a mean Uranus
flux (Eqn. 2) over the Herschel observation campaign. σtot of the individual moon photometry was used as weight. The applied mean distance
(20.024 AU) normalized Uranus flux is given in the last line. n70, n100 and n160 give the number of reliable measurements used in the determination
of fmoonfUranus .
Object n70
(
fmoon
fUranus
)mean
70
fmeanobject,70 n100
(
fmoon
fUranus
)mean
100
fmeanobject,100 n160
(
fmoon
fUranus
)mean
160
fmeanobject,160
(10−3) (Jy) (10−3) (Jy) (10−3) (Jy)
Titania 10 1.931±0.0095 1.663±0.008 10 1.619±0.0104 1.423±0.009 20 1.317±0.0074 0.873±0.005
Oberon 10 1.847±0.0067 1.591±0.006 10 1.537±0.0074 1.351±0.007 20 1.217±0.0038 0.807±0.003
Umbriel 10 1.055±0.0140 0.909±0.012 10 0.869±0.0138 0.764±0.012 20 0.613±0.0187 0.406±0.012
Ariel 10 0.876±0.0150 0.754±0.013 10 0.799±0.0428 0.702±0.038 20 0.294±0.0171 0.195±0.011
Miranda 10 0.261±0.0349 0.225±0.030 8 0.135±0.0164 0.119±0.016 – – –
Uranus 10 861.287±0.535 10 879.061±0.488 20 663.011±0.403
fied blackbody emission as:
log10
λ(2−β)1 × Bλ(λ1,T ) × ccλ1
λ
(2−β)
2 × Bλ(λ2,T ) × ccλ2
 (4)
The modified blackbody fluxes have been colour corrected (ccλ)
to the PACS photometric reference SED for a homogeneous
comparison with the moon colours, cf. PACS Handbook (Exter
et al. 2018), formula 7.20 for the calculation for any SED shape.
We checked which combination of β and Tb best matched the
measured colours. Fig. 6 shows the line for the best matching
β value and a range of Tb which crosses the measured combi-
nation of colours. For Titania and Oberon the approximation of
the measured colours by pure blackbodies is quite good, since
the match yields β = 0.10±0.06, Tb = 73.0 K±2.0 K and β =
0.22±0.04, Tb = 69.5 K±1.5 K, respectively. For Umbriel we
find β = 0.85±0.25, Tb = 54.7 K±5.2 K, which shows that the
160 µm flux is somewhat too low, so that the log( f100f160 ) value is
too high, thus requiring higher β values. For Ariel the fit gives β
= 5.9±0.8, Tb = 20.1 K±2.0 K, which is a completely unphysical
spectral energy distribution solution for this moon. We conclude
that the mean 160 µm flux is far too low (about a factor of 2) and
unreliable, as suggested by the S/N analysis above. On the other
hand, the mean 70 and 100µm photometry appears to be okay
for all four moons, since log( f70f100 ) values are all similar.
Because of the partial deficiency or incompleteness of the
measured SEDs we have derived colour correction factors for
the PACS photometry from the best fitting models, see Table 7.
5. Auxiliary thermal data
In addition to the new PACS measurements, we searched in the
literature to find more thermal data for the Uranian satellites.
Brown et al. (1982) presented standard broad-band Q filter mea-
surements taken by the 3-m IRTF3 telescope. We re-calibrated
the Q-band magnitudes (after applying the listed monochromatic
correction factors and taking the specified -3.32 mag for αBoo)
with the template flux of 185.611 Jy at 20.0 µm (Cohen et al.
1996). The resulting flux densities are given in Table 4.
An important set of measurements was taken by Spitzer-
IRS (14-37 µm) (Houck et al. 2004). We took the reduced and
calibrated low-resolution spectra (Lebouteiller et al. 2011) and
3 Infrared Telescope Facility on Mauna Kea, Hawaii
Fig. 6. PACS two-colour diagrams for the Uranian moons. The PACS
fluxes are not colour corrected and refer to the PACS standard photo-
metric reference SED ν × fν = const. The boxes with the central cross
indicate the uncertainty range of the measured colours (determined by
log10
(
fλ1 +σλ1
fλ2−σλ2
)
and log10
(
fλ1−σλ1
fλ2 +σλ2
)
, respectively.) The straight lines with
the temperature tick marks represent the colours of modified blackbod-
ies calculated according to Eqn. (4) for the displayed temperature range
and with β as indicated in the upper right corner of each panel. Derived
β and Tb are used for a plausibility check of the PACS photometry.
high-resolution spectra (Lebouteiller et al. 2015) from CAS-
SIS4, all related to the Spitzer Program ID 715. The program in-
cludes thermal emission spectroscopy between 10 and 40 µm for
Uranus’ synchronous satellites (among other objects), observing
the leading and trailing hemispheres at large separations from
the planet. These observations were taken under aspect angles
between 96.8◦ and 104.6◦, i.e., close to an equator-on view of
4 https://cassis.sirtf.com/atlas/welcome.shtml
5 ID 71: Observations of Outer Solar System Satellites and Planets; PI:
J. R. Houck
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Table 4. Flux densities and uncertainties at 20.0 µm based on measured Q-band magnitues from Brown et al. (1982) and re-calibrated via the
reference standard star αBoo. Data were taken in May 1982 with the IRTF (Miranda was not part of the study). rhelio is the light-time corrected
heliocentric range, ∆obs is the range of target centre wrt. the observer, i.e. IRTF, α is the phase angle and "ang-sep" is the apparent angular separation
from Uranus. The aspect angle during the measurements was around 163.5◦ which means that IRTF saw mainly the South-pole region of Uranus
and the four satellites.
Object MJD rhelio ∆obs α ang-sep f20
[AU] [AU] [deg] [′′] [Jy]
Ariel (UI) [701] 45111.50 18.879 17.867 0.09 14.65 0.142 ± 0.026
Umbriel (UII) [702] 45109.33 18.879 17.869 0.21 19.86 0.131 ± 0.018
Titania (UIII) [703] 45109.50 18.879 17.868 0.20 33.31 0.250 ± 0.024
Oberon (UIV) [704] 45108.40 18.880 17.871 0.26 43.23 0.280 ± 0.038
Uranus and its four satellites. An overview of these observations
is given in Table 5.
The "optimal" extraction of the spectra from the CASSIS
data assumes a perfect point-like source which is certainly the
case for the Uranian satellites at 18-20 AU distance from the
0.85 m Spitzer Space Telescope. We also looked into the high-
resolution scans, but they only cover the longer wavelength
range (19.5-36.9 µm) and from the comparison with the low-
resolution spectra we concluded that they do not add any new
information. At longer wavelengths (>22 µm for Umbriel, and
>30 µm for Oberon) the CASSIS spectra (both, low- and high-
resolution ones) show significant additional fluxes, probably
originating from the Uranus PSF (cf. Figs. 9 and 7, respectively).
The Ariel spectra have fluxes which are at least a factor of 2–3
too high and it seems the data are still affected by the influence
of Uranus (cf. Fig. 10). We eliminated those parts which show a
strong deviation from a typical satellite thermal emission spec-
trum. We rebinned the spectra down to 10-15 wavelength points
and added 10% to the measurement errors to account for abso-
lute flux calibration uncertainties in the close proximity of a very
bright source.
Cartwright et al. (2015) presented IRTF/SpeX (∼0.81 -
2.42 µm) and Spitzer/IRAC (3.6, 4.5, 5.8, and 8.0 µm) measure-
ments. But even at 8 µm the measured fluxes are dominated by
reflected sunlight. In the most favorable case, the thermal con-
tribution was still well below 10%. We therefore excluded these
measurements from our radiometric studies.
Hanel et al. (1986) studied the Uranian system with infrared
observations obtained by the infrared interferometer spectrome-
ter (IRIS) on Voyager 2. The measurements were taken for Mi-
randa and Ariel and cover the range between 200 and 500 cm−1
(20-50 µm). The South polar region was seen for both targets
(under phase angles of 38◦ for Miranda and 31◦ for Ariel). They
measured a maximum brightness temperature near the subsolar
point, TS S , of 86±1 K and 84±1 K for Miranda and Ariel, re-
spectively. We tested our final model solutions against these two
brightness temperatures.
6. Thermophysical modelling of the Uranian moons
For the interpretation of the available thermal IR fluxes, we
use the thermophysical model (TPM) by Lagerros (1996, 1997,
1998) and Müller & Lagerros (1998, 2002). The calculations are
based on the true observer-centric illumination and observing
geometry for each data point (topocentric for IRTF, Herschel-
/Spitzer-centric). The model considers a one-dimensional heat
conduction into the surface, controlled by the thermal inertia.
The surface roughness is implemented via segmented hemi-
spherical craters where the effective r.m.s. of the surface slopes
is controlled by the crater depth-to-radius ratio and the surface
coverage of the craters (Lagerros 1998). Additional input param-
eters are the object’s thermal mid-/far-IR emissivity (assumed to
be 0.9), the absolute V-band magnitudes HV of the Uranian satel-
lites, the phase integrals q, the measured sizes De f f and albedos
pV . HV is only relevant in cases where we solve for radiometric
size-albedo solutions. In cases where we keep the size fixed, HV
is not used. Table 6 summarizes these values. For the satellites’
rotation properties we assume a spin-axis orientation perpendic-
ular to Uranus’ equator (orbital inclinations are below 0.5◦, only
for Miranda it is 4.2◦), and a (presumed) synchronous rotation.
Using the above properties (and their uncertainties) allows
us now to determine the moons’ thermal properties. We vary
the surface roughness from very smooth (r.m.s. of surface slopes
<0.1) up to very rough surfaces (r.m.s. of surface slopes >0.7). In
addition, low-conductivity surfaces can have very small thermal
inertias (here we use a lower limit of 0.1 Jm−2s−0.5K−1) and com-
pact solid surfaces have high conductivities (we consider thermal
inertias up to 100 Jm−2s−0.5K−1).
One problem of radiometric studies in general is related to
objects seen pole-on, or very close to pole-on (especially for dis-
tant objects where Sun and observer face the same part of the
surface). In these cases, there is no significant heat transfer to the
night side and it is much more difficult to constrain the object’s
thermal properties. A pole-on geometry is connected to an aspect
angle of 0◦ (North pole) or 180◦ (South pole), while an equator-
on geometry has 90◦. During the 1980s (including the IRTF mea-
surements, but also the time of the Voyager 2 flyby) mainly the
South pole region (of Uranus and also the synchronous satellites)
was visible, the 2004/2005 Spitzer measurements were taken at
aspect angles between about 97◦ and 105◦, the 2010-2012 Her-
schel observations saw the Uranus system under aspect angles
between about 70◦ and 81◦, i.e. both were close to an equator-on
view. The phase angles are typically small (below 3◦) and the
measured signals are in all cases related to almost fully illumi-
nated objects.
Representative examples of our thermophysical models for
the epoch 2011-07-12 (period 2) covering the wavelength range
5 – 300 µm are shown for Oberon, Titania, Umbriel and Ariel
in Figs. 7 to 10, including the corresponding surface tempera-
ture maps. All derived (and approved) flux densities for the 5
satellites, as well as the corresponding best TPM SEDs will be
made available by the Herschel Science Centre through "User
Provided Data Products" in the Herschel Science Archive6. Our
Herschel flux densities and the auxiliary photometry shall also
be imported into the "Small Bodies: Near and Far" (SBNAF)
6 http://archives.esac.esa.int/hsa/whsa/
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Table 5. Overview of the Spitzer-IRS CASSIS spectra. rhelio is the light-time corrected heliocentric range, ∆obs is the range of target centre wrt.
the observer, i.e. Spitzer, α is the phase angle and "ang-sep" is the apparent angular separation from Uranus. The observations were designed to
observe either the leading or the trailing hemisphere, which is indicated in column "hemisp". "UsefulSpectrum" indicates the wavelength range
not affected by Uranus stray-light; in the case of Ariel the whole spectrum is affected.
Object MJD rhelio ∆obs α ang-sep AORkey hemisp. UsefulSpectrum
[AU] [AU] [deg] [′′] [µm]
Ariel (UI) [701] 53563.98055 20.067 19.547 2.54 13.45 4521984 L –
53323.25416 20.056 19.724 2.76 13.33 4522240 T –
Umbriel (UII) [702] 53695.76250 20.073 19.673 2.69 18.63 4522496 L 14.1 – 22.0
53183.96250 20.049 19.582 2.62 18.72 4522752 T 14.1 – 22.0
Titania (UIII) [703] 53181.21458 20.048 19.624 2.67 30.61 4523008 L 14.1 – 37.3
53716.59166 20.074 20.017 2.89 30.08 4523264 T 14.1 – 37.3
Oberon (UIV) [704] 53184.28680 20.049 19.577 2.61 41.09 4523520 L 14.1 – 30.0
53325.65486 20.056 19.763 2.80 40.70 4523776 T 14.1 – 30.0
Table 6. TPM input parameters for the radiometric calculations and the interpretation of the obtained/available mid-/far-IR flux densities. The
numbers are taken from Karkoschka (2001): HV are the mean values between Vmax and Vmin with an uncertainty of 0.04 mag, De f f was calculated
from the specified radii (both from Table IV). The phase integral q and the Bond albedo A are from Table VII (q and qI0/F, respectively). The
geometric albedo pV was calculated via A = p q, with p/pV ≈ 1.0 (Morrison & Lebofsky 1979).
Object HV A q pV De f f Orbital period
[mag] [km] [days]
Ariel (UI) [701] 0.99 0.230±0.025 0.43±0.05 0.53 1159.0 2.520
Umbriel (UII) [702] 1.76 0.100±0.010 0.39±0.04 0.26 1170.0 4.144
Titania (UIII) [703] 0.78 0.170±0.015 0.46±0.05 0.37 1578.0 8.706
Oberon (UIV) [704] 0.99 0.140±0.015 0.44±0.05 0.31 1522.0 13.463
Miranda (UV) [705] 3.08 0.200±0.030 0.44±0.07 0.45 474.0 1.413
data base7 for thermal infrared observations of Solar system
small bodies (Szakáts et al. 2020).
At the time of Voyager flyby, when the south pole of the
moons was facing the Sun, maximum surface temperatures
reached or exceeded 85 K, but nighttime polar temperatures are
predicted to drop to 20 or 30 K, because each pole spends about
40 yr in darkness (Veverka et al. 1991). This means that under
an illumination geometry close to pole-on the satellite surface is
hotter than under an illumination geometry close to equator-on,
when heat transport to the night side results in a colder surface
temperature. Therefore, a simple scaling of photometric mea-
surements taken under different illumination geometry by just
correcting for different ranges of target centre with regard to the
observer will not allow a direct comparison. This has to be kept
in mind for Figs. 7 to 10, where there seems to be some flux
inconsistency between the IRTF fluxes and the thermophysical
model fluxes matching the PACS observations. When taking the
illumination geometry at the time of the IRTF measurements into
account for the TPM, the consistency is very good, e.g. for Tita-
nia fIRTFfTPM(tIRTF)
=
0.250 Jy
0.233 Jy .
As part of the analysis we also looked into differences be-
tween the leading (LH) and trailing hemispheres (TH) of the
satellites. The tidally-locked and large satellites display stronger
H2O ice bands on the leading hemispheres, but this effect de-
creases with distance from Uranus. In addition, Titania and
Oberon show spectrally red material on their leading hemi-
sphere. Cartwright et al. (2018) discuss the possible origin of the
hemispherical differences and speculate that inward-migrating
dust from the irregular satellites might be the cause of the ob-
7 https://ird.konkoly.hu/
served H2O ice bands and red material differences in the two
hemispheres. Since the IRTF measurements viewed only the
South-pole regions, the measured fluxes did not allow such a sep-
aration. The Spitzer-IRS measurements were aiming for epochs
were either the leading or trailing faces were seen. The measure-
ments were timed for maximum elongation from Uranus, which
are close to the epochs of the minimum and maximum heliocen-
tric range-rate values. This was possible since the Uranus system
was seen almost equator-on. The Herschel measurements were
not timed to catch the objects at their range-rate maxima. There-
fore, we consider Herschel observations as leading and trailing
cases, if the apparent (heliocentric) range-rates were larger than
2/3 of the maximum possible. In all other cases, the observed
signals are attributed to both hemispheres (labelled LH, TH, or
BH in column r˙helio|r˙maxhelio | of Tables A.2 to A.6).
6.1. Oberon
A standard radiometric analysis of the combined Herschel-
PACS, IRTF, and Spitzer-IRS measurements leads to a range of
size-albedo-thermal solutions with reduced χ2-values close to or
below 1.0. However, the optimum solutions resulted in an effec-
tive diameter which is about 3-5% above the object’s true size
(and a geometric albedo of 0.29), connected to a thermal inertia
in the range 20 – 40 Jm−2s−0.5K−1.
When we keep the diameter fixed to 1522 km (with pV=0.31)
we can still find acceptable solutions (with reduced χ2-values
close to 1): for an intermediate level of surface roughness (r.m.s.
of surface slopes between 0.3 and 0.7) and thermal inertias be-
tween 9 and 33 Jm−2s−0.5K−1 (higher thermal inertias are con-
nected to higher levels of surface roughness and vice versa).
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The best solution is found for a thermal inertia of around
20 Jm−2s−0.5K−1 and an intermediate level of surface roughness
(r.m.s. = 0.5). We confirmed the solution by using a modified
input data set where the close-proximity PACS data (at only
6′′apparent separation from Uranus) were eliminated.
Fig. 7. Thermophysical model of Oberon between 5 and 300 µm (black
line) for the 2nd epoch (2011-07-12). Photometric measurements are
PACS obervations (red boxes), the IRTF observation (blue diamond)
and the Spitzer-IRS CASSIS data (orange spectrum: leading hemi-
sphere observation; red spectrum: trailing hemisphere data). The CAS-
SIS spectra suffer from Uranus straylight longward of 30 µm. The IRTF
and IRS data were re-scaled to the model epoch with
(
∆obs,IRS,IRTF
∆obs,2011−07−12
)2
.
Nevertheless, the IRTF flux appears to be too high with regard to the
model, because the IRTF measurement was done under close to pole-on
illumination, when the moon was hotter, while the model reflects more
a viewing geometry close to equator-on, when the moon was colder due
to heat transport to the night side. The insert shows the resulting TPM
surface temperature map of Oberon for the range 40 – 85 K.
The leading (PACS 2nd epoch, IRS-1) / trailing (PACS 4th
and 5th epoch, IRS-2) analysis did not show any clear differ-
ences: both data subsets led to the same thermal properties (ther-
mal inertia of 20 Jm−2s−0.5K−1) with very similar reduced χ2 val-
ues. From the available measurements we cannot distinguish the
leading and trailing hemispheres. The IRS spectra confirm this
finding: both spectra (in comparison with the corresponding op-
timum TPM prediction) agree within 5%, except at the shortest
end below 16 µm where the difference is about 10%.
The overall consistency ( fmoon,ccfmodel ) of the models with colour
corrected PACS fluxes for all 5 periods is 0.95±0.02, 0.94±0.06,
and 1.00±0.02 at 70, 100, and 160 µm, respectively. Exclud-
ing the first epoch photometry, where Oberon was at only
6′′apparent separation from Uranus, gives ratios of 0.95±0.01,
0.96±0.01, and 1.00±0.02. An illustrated comparison for epoch
2 is shown in Fig. 7.
6.2. Titania
The standard thermal analysis (PACS, IRTF, IRS) led to re-
duced χ2 values close to 1 for a radiometric size which is again
2–4% larger than the true value, and a thermal inertia of 9-
31 Jm−2s−0.5K−1. All data are taken at sufficient separation from
Uranus (>14′′), but the IRS spectra still seem to be contaminated
around 30 µm. Adding the constraints from Titania’s known size
and albedo (see Table 6), leads to thermal inertia values of
5-15 Jm−2s−0.5K−1, with optimum values of 7-11 Jm−2s−0.5K−1,
again for an intermediate level of surface roughness (r.m.s. =
0.4). We explicitly tested also other solutions for the thermal
inertia, but a value of 20 Jm−2s−0.5K−1, as found for Oberon,
caused already severe problems in fitting our thermal measure-
ments. The TPM predictions for the PACS measurements would
decrease by 5-15% and the match to the observations would
not be acceptable (outside 3-σ). The higher thermal inertia pre-
dictions would fit the IRS spectrum at short wavelength below
22 µm and beyond 35 µm, but not inbetween. Overall, we can
exclude a thermal inertia larger than about 15 Jm−2s−0.5K−1 and
smaller than about 5 Jm−2s−0.5K−1 for Titania.
Fig. 8. Thermophysical model of Titania between 5 and 300 µm (black
line) for the 2nd epoch (2011-07-12). Photometric measurements are
PACS obervations (red boxes), the IRTF observation (blue diamond)
and the Spitzer-IRS CASSIS data (orange spectrum: leading hemi-
sphere observation; red spectrum: trailing hemisphere data). For an ex-
planation of the IRTF and IRS data re-scale, see text and caption of
Fig. 7. The insert shows the resulting TPM surface temperature map of
Titania for the range 40 – 85 K.
The Herschel-PACS measurements of Titania cover mainly
the trailing hemisphere (1st, 2nd, and 5th epoch) and a clean lead-
ing/trailing analysis is not possible. However, we ran our anal-
ysis on these trailing hemisphere measurements (three PACS
epochs and IRS-2) and compared the results with the leading
hemisphere IRS-1 measurement. The trailing data give a very
consistent (reduced χ2 of 0.7) solution with a thermal inertia be-
tween 5 and 9 Jm−2s−0.5K−1. But this solution overestimates the
fluxes from the IRS-1 spectrum. A higher thermal inertia of 9
– 15 Jm−2s−0.5K−1 is needed to explain the leading hemisphere
data. There are no PACS data to confirm this finding and due to
the reduction/straylight residuals in the IRS spectra so close to
Uranus, this can only be considered as an indication for differ-
ences between both hemispheres.
The overall consistency ( fmoon,ccfmodel ) of the models with colour
corrected PACS fluxes for all 5 epochs are 0.97±0.02,
0.97±0.03, and 0.99±0.03 at 70, 100, and 160 µm, respectively.
An illustrated comparison for epoch 2 is shown in Fig. 8.
6.3. Umbriel
The standard radiometric search for the object’s best size, albedo
and thermal properties led to an unrealistically small thermal in-
ertia below 5 Jm−2s−0.5K−1 and a diameter of just below 1100 km
(pV≈0.30), with reduced χ2 values close to 1.0. The size and
albedo values are in clear contradiction to the published values
of 1170 km and pV=0.26 (Karkoschka 2001). Taking the larger
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size requires a higher thermal inertia to fit all observered fluxes.
Intermediate levels of surface roughness, combined with thermal
inertias between 5 and 15 Jm−2s−0.5K−1 seem to fit best (reduced
χ2 values just below the 1.7 threshold).
However, if we look at the observation-to-model ratios we
can identify a few observations which suffer from low signal-to-
noise ratios (all 5 PACS measurements at 160 µm and both IRS
15 µm spectral parts have SNR≤3), but our radiometric weighted
solutions handle correctly the proper flux errors. More problem-
atic are the long-wavelengths fluxes when Umbriel had only a
small apparent separation (below 7′′) from Uranus: the PACS
100 and 160 µm measurements from 26-Dec-2011 and also the
long-wavelength parts of both IRS spectra beyond about 22 µm
seem to be affected by residual Uranus PSF features. Exclud-
ing these problematic measurements, we obtained reduced χ2-
values close to 1.0 (for the fixed size of 1170 km), with prefer-
ence for a lower surface roughness (around 0.3) than for Oberon
and Titania, and a thermal inertia in the range between 5 and
12 Jm−2s−0.5K−1.
Fig. 9. Thermophysical model of Umbriel between 5 and 300 µm (black
line) for the 2nd epoch (2011-07-12). Photometric measurements are
PACS obervations (red boxes), the IRTF observation (blue diamond)
and the Spitzer-IRS CASSIS data (orange spectrum: leading hemi-
sphere observation; red spectrum: trailing hemisphere data). The CAS-
SIS spectra suffer from Uranus straylight longward of 22 µm. For an
explanation of the IRTF and IRS data re-scale, see text and caption of
Fig. 7. The insert shows the resulting TPM surface temperature map of
Umbriel for the range 40 – 85 K.
The Umbriel data have a well-balanced coverage of the lead-
ing (PACS 1st epoch, IRS-1) and trailing (PACS 5th epoch, IRS-
2) hemispheres. Separate fits to the data for the two hemispheres
led to the following results: the fits to the trailing hemisphere
data are excellent (reduced χ2 well below 1.0) with a thermal
inertia at the lower end (around 5 Jm−2s−0.5K−1). The leading
hemisphere data show an indication for a slightly higher ther-
mal inertia closer to 10 Jm−2s−0.5K−1. However, within the error
bars, both sets can be fit with an intermediate solution.
The overall consistency ( fmoon,ccfmodel ) of the models with colour
corrected PACS fluxes for all 5 epochs is 1.02±0.05, 1.05±0.08,
and 1.16±0.12 at 70, 100, and 160 µm, respectively. Excluding
the second and third epoch, where Umbriel is at less than 9′′ ap-
parent separation from Uranus, slightly improves the 70 µm ratio
1.01±0.04), but not the 100 and 160 µm ratios (1.05±0.08 and
1.23±0.13, respectively). An illustrated comparison for epoch 2
is shown in Fig. 9.
6.4. Ariel
Ariel was also seen by IRTF, Spitzer-IRS (leading and trailing)
and by Herschel-PACS. However, the thermal IR fluxes are even
lower than for Umbriel, and the apparent distances to Uranus are
smaller. Two PACS measurement sequences (08-Jun-2012 and
14-Dec-2012) were taken with Ariel below 6′′separation and had
to be skipped. None of the IRS spectra are usable: the fluxes are
too high by factors of 3 – 45, cf. Fig. 10.
Fig. 10. Thermophysical model of Ariel between 5 and 300 µm (black
line) for the 2nd epoch (2011-07-12). Photometric measurements are
PACS obervations (red boxes), the IRTF observation (blue diamond)
and the Spitzer-IRS CASSIS data (orange spectrum: leading hemi-
sphere observation; red spectrum: trailing hemisphere data). The CAS-
SIS spectra suffer from Uranus straylight over their full wavelength
range. For an explanation of the IRTF and IRS data re-scale, see text
and caption of Fig. 7. The insert shows the resulting TPM surface tem-
perature map of Ariel for the range 40 – 85 K.
A first radiometric analysis (just PACS 70/100 µm fluxes and
the IRTF flux) produced sizes between about 1100 and 1400 km
and only a very weak constraint on the thermal inertia (values
below 100 Jm−2s−0.5K−1). Using the size constraint of 1159 km
(a × b: 581 km × 578 km (Karkoschka 2001)) requires a ther-
mal inertia between 6 and 25 Jm−2s−0.5K−1 for an intermediate
surface roughness. But the reduced χ2 is larger than 2.0 and a
closer inspection shows a clear separation in the fits to the lead-
ing and trailing hemispheres. Taking the PACS measurements
for the leading hemisphere (2011-Jul-12) and the trailing hemi-
sphere (2010-Dec-13, and 2011-Dec-26) separately, gave much
better fits (reduced χ2 close to 1.0), indicating a lower thermal
inertia (5 – 13 Jm−2s−0.5K−1) for the leading hemisphere, and
a higher thermal inertia (13 – 40 Jm−2s−0.5K−1) for the trailing
hemisphere. Although the IRS spectra cannot be used for the ra-
diometric studies, the flux levels for the leading hemisphere are
about 5-10% higher. This also points to a lower thermal inertia
for the leading side compared to the trailing side. With our fi-
nal solution we calculated a maximum brightness temperature of
about 86 K for the South-pole viewing geometry in early 1986.
This compares very well with the maximum brightness temper-
ature of 84±1 K seen by Voyager-2/IRIS (Hanel et al. 1986).
The overall consistency ( fmoon,ccfmodel ) of the models with colour
corrected PACS fluxes for all 5 epochs is 1.07±0.12, 0.94±0.29,
and 2.09±0.48 at 70, 100, and 160 µm, respectively. The high
160 µm ratio of &2 is due to the fact that the measured values
are all, except one, far too low. Excluding the fourth and fifth
epoch, where Ariel is at less than 6′′apparent separation from
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Uranus, improves the consistency at 70 and 100 µm considerably
with ratios of 0.99±0.04, 1.00±0.17, respectively. However, due
to the generally low 160 µm fluxes, this ratio (2.20±0.11) does
not improve. An illustrated comparison for epoch 2 is shown in
Fig. 10.
6.5. Miranda
For Miranda we have only the PACS measurements, but nei-
ther IRTF nor Spitzer-IRS data. The object was always within
10′′ from Uranus and the contamination problems are severe.
We eliminated all 160 µm fluxes which are clearly completely
off. In addition, we skipped the second- and fourth-epoch data,
when Miranda was only at 3′′.4 and 4′′.4 apparent distance, re-
spectively. For the last epoch, we also had to take out the 100 µm
data.
In the end, only very few data points remained and the re-
quired coverage (in aspect angles, wavelengths, leading/trailing
geometries, etc.) is missing for a robust radiometric analysis.
With the size (474 km) and albedo (pV = 0.45) we only ob-
tained an upper limit of about 50 Jm−2s−0.5K−1 for Miranda’s
thermal inertia. Larger values would force the TPM calcula-
tions to smaller fluxes which are not compatible with the high-
est SNR detections by PACS (the upper limit goes down to
20 Jm−2s−0.5K−1, if we consider only the best 70 µm fluxes). The
corresponding TPM calculations (with a thermal inertia below
20 Jm−2s−0.5K−1) for the Voyager-2/IRIS measurements in Jan-
uary 1986 produce a maximum temperature of about 87 K, in
excellent agreement with the 86±1 K by Hanel et al. (1986).
6.6. Discussion
Table 7 provides an overview of the derived model parameters.
Using these model SEDs we also calculated the colour correction
factors to be applied to the measured PACS fluxes (cf. Tables A.2
to A.6).
How do the derived properties for the Uranian satellites com-
pare with thermal inertias of other satellites and distant TNOs?
Lellouch et al. (2013) analysed a large sample of TNOs and
found a Γ = 2.5±0.5 J m−2 s−1/2 K−1 for objects at heliocentric
distances of rhelio = 20 – 50 AU (decreasing values for increasing
heliocentric distance). The Uranian system is at about 20 AU and
therefore one would expect (under the assumption of TNO-like
surfaces) to find low values, maybe up to 5 J m−2 s−1/2 K−1.
However, looking at dwarf planets, these general TNO-
derived values are usually exceeded: Haumea is at rhelio =
∼51 AU and it was found to have a thermal inertia of around
10 J m−2 s−1/2 K−1 (Müller et al. 2019). The thermal inertia of
Pluto and Charon (at rhelio > 30 AU) are even larger: ΓPluto =
16-26 J m−2 s−1/2 K−1 and ΓCharon = 9-14 J m−2 s−1/2 K−1 (Lel-
louch et al. 2011, 2016). And putting the Pluto-Charon system
closer to the Sun would increase the values significantly (assum-
ing that the T3 term dominates in the thermal conductivity, then
the thermal inertia scales with ∝ r−3/4; see e.g. Delbo et al. 2015).
In case of Pluto-Charon, the high Γ-values are attributed to a
large diurnal skin depth due to their slow rotation (∼ P1/2 depen-
dence; see also discussion in Kiss et al. (2019)). In summary, the
Uranian satellites Oberon, Titania, Umbriel, Ariel, and Miranda
have thermal inertias which are higher than the very low values
found for TNOs and Centaurs at 30 AU heliocentric distance. It
seems that the thermal properties of the icy satellite surfaces are
closer to the properties found for the TNO dwarf planets Pluto
and Haumea.
7. Conclusions
We have successfully demonstrated an image processing tech-
nique for PACS photometer data allowing to remove the bright
central point spread function of Uranus, and reconstructing
source fluxes of its five major satellites in the order of 10−3 of
Uranus. We have obtained reliable moon fluxes outside radii of
7′′.8, 11′′.1, and 17′′.8 at 70, 100, and 160 µm, respectively, which
corresponds to ≈3× the HWHM of the standard PSF (FWHMPSF
= 5′′.6, 6′′.8 and 10′′.7, respectively). For Titania and Oberon we
have established full sets of 70, 100, and 160 µm PSF photom-
etry for all five observing epochs. For Umbriel there are two
epochs (1 & 5) with high quality 70 and 100 µm photometry and
for Ariel there are three epochs (1 – 3). The 160 µm photometry
of these two moons is either of low quality (Umbriel) or unreli-
able (Ariel). For Miranda 70 µm flux estimates could be obtained
for two epochs (1 & 3).
This new FIR photometry and auxiliary photometry at
shorter wavelengths compiled from the literature and retrieved
from data archives has allowed to establish improved thermo-
physical models of the five major Uranus satellites with regard
to thermal inertia and surface roughness.
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Appendix A: PSF subtracted maps and photometry of individual maps
Appendix A.1: 70µm maps of Uranian moons
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Fig. A.1. 70 µm maps of the Uranus moons after subtraction of the Uranus PSF reference. Pixel scale is 1′′.1. Moons for which the PSF is not or
only minorly affected by PSF subtraction residuals are labelled in white. The central positions of moons for which the PSF is more significantly
affected by PSF subtraction residuals or which are located closely together are marked by a red cross. If only the initial of a moon is labelled, then
its PSF peak is located inside the critical residual area. The central position of Uranus is marked by a black or white cross and labelled in italics.
The positions of the moons relative to Uranus within plus minus one day of the observation are indicated by small red lines (note these refer to the
Uranus position at the time of observation). Since Miranda has a orbital period P = 1.413 d, a closed orbit line is seen.
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Appendix A.2: 100µm maps of Uranian moons
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Fig. A.2. 100 µm maps of the Uranus moons after subtraction of the Uranus PSF reference. Pixel scale is 1′′.4. Moons for which the PSF is not or
only minorly affected by PSF subtraction residuals are labelled in white. The central positions of moons for which the PSF is more significantly
affected by PSF subtraction residuals or which are located closely together are marked by a red cross. If only the initial of a moon is labelled, then
its PSF peak is located inside the critical residual area. The central position of Uranus is marked by a black or white cross and labelled in italics.
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Appendix A.3: 160µm maps of Uranian moons
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Fig. A.3. 160 µm maps of the Uranus moons after subtraction of the Uranus PSF reference. Pixel scale is 2′′.1. Moons for which the PSF is not or
only slightly affected by PSF subtraction residuals are labelled in white. The central positions of moons for which the PSF is more significantly
affected by PSF subtraction residuals or which are located closely together are marked by a red cross. If only the initial of a moon is labelled, then
its PSF peak is located inside the critical residual area. The central position of Uranus is marked by a black or white cross and labelled in italics.
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Appendix A.4: Photometry of Uranus from individual maps
Table A.1. Photometry of Uranus. ftotal gives the total flux of the Uranus system (Uranus plus the moons). fmeasuredUranus gives the flux at the actual
distance of Uranus to Herschel. fdistancecorrectedUranus gives the flux corrected to the same mean distance (∆obs,mean = 20.024 AU) by scaling f
distancecorrected
Uranus =(
∆obs
∆obs,mean
)2
× fmeasuredUranus . ∆obs is the range of target centre wrt. the observer, i.e. Herschel, rhelio is the light-time corrected heliocentric range. σpar is the
uncertainty in the PSF fitting parameters, σred is the uncertainty due to the reduction method (dependence on the map parameter selection), σtot is
the geometrical mean of the latter two uncertainties. The five epochs with 4 observations each are separated by horizontal lines.
OBSID OD MJD λref ftotal fmeasuredUranus σpar σred σtot f
distancecorrected
Uranus rhelio ∆obs
mid-time obs. µm (Jy) (Jy) (Jy) (Jy) (Jy) (Jy) (AU) (AU)
1342211117 579 55543.72060 70.0 871.595 866.586 0.336 0.535 0.632 862.636 20.090 19.975
160.0 667.551 665.241 0.420 0.453 0.617 662.207
1342211118 579 55543.72464 70.0 869.527 864.426 0.321 1.072 1.119 860.492 20.090 19.975
160.0 670.427 668.005 0.467 0.505 0.688 664.963
1342211120 579 55543.73128 100.0 888.362 884.066 0.317 0.354 0.475 880.049 20.090 19.975
160.0 669.061 666.696 0.415 0.411 0.584 663.668
1342211121 579 55543.73532 100.0 887.348 882.873 0.322 0.302 0.441 878.867 20.090 19.975
160.0 670.997 668.587 0.475 0.742 0.881 665.555
1342223982 789 55754.05794 70.0 886.482 881.336 0.366 0.360 0.513 862.139 20.083 19.801
160.0 678.418 675.964 0.397 0.364 0.539 661.239
1342223983 789 55754.06198 70.0 882.336 877.252 0.377 0.338 0.540 858.138 20.083 19.801
160.0 681.133 678.773 0.432 0.380 0.575 663.982
1342223985 789 55754.06862 100.0 905.048 900.614 0.321 0.433 0.539 880.977 20.083 19.801
160.0 677.957 675.510 0.416 0.109 0.430 660.783
1342223986 789 55754.07266 100.0 901.061 896.569 0.299 0.588 0.656 877.015 20.083 19.801
160.0 683.285 680.924 0.442 0.291 0.529 666.075
1342235629 957 55921.94924 70.0 858.994 853.920 0.381 1.098 1.162 862.251 20.076 20.118
160.0 656.857 654.588 0.404 0.491 0.636 660.973
1342235630 957 55921.95328 70.0 856.286 851.288 0.371 1.424 1.472 859.599 20.076 20.118
160.0 659.070 656.766 0.441 0.322 0.546 663.176
1342235632 957 55921.95992 100.0 874.231 870.139 0.307 0.405 0.509 878.640 20.076 20.118
160.0 657.920 655.652 0.428 0.672 0.796 662.060
1342235633 957 55921.96396 100.0 872.182 867.978 0.318 0.512 0.603 876.465 20.076 20.118
160.0 661.010 658.770 0.470 0.366 0.596 665.212
1342246772 1121 56086.18500 70.0 835.110 830.155 0.384 0.910 0.988 862.297 20.069 20.404
160.0 638.110 635.998 0.414 0.569 0.704 660.620
1342246773 1121 56086.18904 70.0 833.527 828.737 0.392 1.504 1.554 860.819 20.069 20.404
160.0 640.467 638.325 0.426 0.900 0.996 663.034
1342246774 1121 56086.19308 100.0 851.492 847.114 0.337 0.207 0.395 879.898 20.069 20.404
160.0 639.878 637.673 0.413 0.709 0.820 662.352
1342246775 1121 56086.19712 100.0 849.254 844.839 0.332 0.554 0.646 877.528 20.069 20.404
160.0 640.252 637.971 0.482 0.340 0.590 662.657
1342257193 1310 56275.07361 70.0 883.668 878.500 0.361 0.910 0.979 861.196 20.059 19.823
160.0 677.071 674.596 0.417 0.445 0.610 661.307
1342257194 1310 56275.07765 70.0 880.011 874.862 0.360 1.234 1.286 857.635 20.059 19.823
160.0 681.238 678.930 0.427 0.644 0.773 665.561
1342257195 1310 56275.08169 100.0 902.984 898.793 0.296 0.459 0.546 881.098 20.059 19.823
160.0 678.415 676.120 0.410 0.463 0.619 662.810
1342257196 1310 56275.08573 100.0 899.319 894.907 0.321 0.478 0.576 877.294 20.059 19.823
160.0 680.801 678.403 0.458 0.556 0.720 665.053
Appendix A.5: PSF photometry of moons from individual maps
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Appendix A.6: Comparison of PSF photometry with aperture photometry for selected measurements
Table A.7. Aperture photometry of Uranian moons for selected measurements when the moon image was well separated from Uranus (minimum
aperture edge distance from Uranus was 8′′.77, 10′′.79, and 16′′.57 at 70, 100, and 160 µm, respectively) and any PSF residuals and comparison
with the corresponding PSF photometry. The aperture photometry has been corrected for the finite aperture size according to the description in the
PACS Handbook (Exter et al. 2018), sect. 7.5.2.
OBSID OD MJD object λref r aperture f
aperture
moon σaper f PS Fmoon σtot
f PSF
f aper σratio
mid-time obs. µm (′′) (Jy) (Jy) (Jy) (Jy)
1342211117 579 55543.72060 Titania 70.0 5.6 1.635 0.012 1.669 0.017 1.021 0.013
160.0 10.7 0.827 0.030 0.875 0.011 1.058 0.041
Umbriel 70.0 5.6 0.807 0.017 0.833 0.019 1.032 0.032
1342211118 579 55543.72464 Titania 70.0 5.6 1.622 0.012 1.680 0.018 1.036 0.013
160.0 10.7 0.833 0.029 0.856 0.016 1.028 0.041
Umbriel 70.0 5.6 0.844 0.017 0.880 0.012 1.043 0.025
1342211120 579 55543.73128 Titania 100.0 6.8 1.397 0.009 1.412 0.006 1.011 0.008
160.0 10.7 0.813 0.045 0.864 0.010 1.063 0.060
Umbriel 100.0 6.8 0.592 0.043 0.718 0.010 1.213 0.090
1342211121 579 55543.73532 Titania 100.0 6.8 1.370 0.013 1.398 0.006 1.020 0.011
160.0 10.7 0.838 0.031 0.854 0.014 1.019 0.041
Umbriel 100.0 6.8 0.704 0.028 0.762 0.008 1.082 0.045
1342223982 789 55754.05794 Titania 70.0 5.6 1.655 0.025 1.705 0.015 1.030 0.018
160.0 10.7 0.838 0.012 0.884 0.009 1.055 0.019
Oberon 70.0 5.6 1.549 0.017 1.611 0.008 1.040 0.013
160.0 10.7 0.779 0.016 0.807 0.008 1.036 0.024
Ariel 70.0 5.6 0.833 0.045 0.821 0.012 0.986 0.055
1342223983 789 55754.06198 Titania 70.0 5.6 1.641 0.023 1.710 0.016 1.042 0.018
160.0 10.7 0.869 0.011 0.907 0.007 1.044 0.015
Oberon 70.0 5.6 1.581 0.014 1.638 0.012 1.036 0.012
160.0 10.7 0.836 0.014 0.836 0.012 1.000 0.022
Ariel 70.0 5.6 0.681 0.061 0.798 0.023 1.172 0.110
1342223985 789 55754.06862 Titania 100.0 6.8 1.418 0.010 1.455 0.005 1.026 0.008
160.0 10.7 0.862 0.015 0.868 0.016 1.007 0.026
Oberon 100.0 6.8 1.331 0.011 1.374 0.012 1.032 0.012
160.0 10.7 0.810 0.011 0.826 0.005 1.020 0.015
1342223986 789 55754.07266 Titania 100.0 6.8 1.434 0.013 1.455 0.005 1.015 0.010
160.0 10.7 0.833 0.015 0.883 0.009 1.060 0.022
Oberon 100.0 6.8 1.347 0.016 1.398 0.013 1.038 0.016
160.0 10.7 0.838 0.015 0.839 0.008 1.001 0.020
1342235629 957 55921.94924 Titania 70.0 5.6 1.592 0.044 1.630 0.097 1.024 0.067
Oberon 70.0 5.6 1.557 0.013 1.573 0.014 1.010 0.012
160.0 10.7 0.785 0.012 0.819 0.011 1.043 0.021
Ariel 70.0 5.6 0.644 0.129 0.726 0.034 1.127 0.232
1342235630 957 55921.95328 Titania 70.0 5.6 1.550 0.041 1.684 0.021 1.086 0.032
Oberon 70.0 5.6 1.556 0.023 1.576 0.015 1.013 0.018
160.0 10.7 0.758 0.011 0.800 0.006 1.055 0.017
Ariel 70.0 5.6 0.651 0.062 0.702 0.017 1.078 0.106
1342235632 957 55921.95992 Titania 100.0 6.8 1.388 0.019 1.449 0.008 1.083 0.016
Oberon 100.0 6.8 1.296 0.012 1.320 0.009 1.019 0.012
160.0 10.7 0.762 0.011 0.814 0.009 1.068 0.019
1342235633 957 55921.96396 Titania 100.0 6.8 1.398 0.040 1.466 0.011 1.049 0.031
Oberon 100.0 6.8 1.306 0.019 1.353 0.009 1.036 0.017
160.0 10.7 0.785 0.019 0.819 0.013 1.043 0.030
1342246772 1121 56086.18500 Titania 70.0 5.6 1.554 0.017 1.573 0.012 1.012 0.013
Oberon 70.0 5.6 1.558 0.028 1.597 0.034 1.025 0.029
160.0 10.7 0.768 0.014 0.792 0.010 1.031 0.023
1342246773 1121 56086.18904 Titania 70.0 5.6 1.581 0.030 1.630 0.038 1.031 0.031
Oberon 70.0 5.6 1.517 0.019 1.566 0.033 1.032 0.025
160.0 10.7 0.768 0.007 0.776 0.009 1.010 0.015
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Table A.7. Aperture photometry of Uranian moons continued.
OBSID OD MJD object λref r aperture f
aperture
moon σaper f PS Fmoon σtot
f PSF
f aper σratio
mid-time obs. µm (′′) (Jy) (Jy) (Jy) (Jy)
1342246774 1121 56086.19308 Titania 100.0 6.8 1.283 0.011 1.318 0.010 1.027 0.012
Oberon 100.0 6.8 1.273 0.014 1.300 0.006 1.021 0.012
160.0 10.7 0.751 0.018 0.781 0.005 1.040 0.026
1342246775 1121 56086.19712 Titania 100.0 6.8 1.316 0.028 1.343 0.008 1.021 0.023
Oberon 100.0 6.8 1.242 0.008 1.289 0.008 1.038 0.009
160.0 10.7 0.739 0.011 0.762 0.008 1.031 0.019
1342257193 1310 56275.07361 Titania 70.0 5.6 1.681 0.016 1.724 0.018 1.026 0.014
160.0 10.7 0.894 0.027 0.931 0.017 1.041 0.037
Oberon 70.0 5.6 1.575 0.012 1.625 0.013 1.032 0.011
160.0 10.7 0.791 0.011 0.811 0.006 1.025 0.016
Umbriel 70.0 5.6 0.922 0.017 0.947 0.008 1.027 0.021
1342257194 1310 56275.07765 Titania 70.0 5.6 1.656 0.019 1.729 0.014 1.044 0.015
160.0 10.7 0.916 0.019 0.933 0.017 1.019 0.028
Oberon 70.0 5.6 1.556 0.022 1.632 0.018 1.049 0.019
160.0 10.7 0.772 0.008 0.816 0.005 1.057 0.013
Umbriel 70.0 5.6 0.920 0.012 0.964 0.011 1.048 0.018
1342257195 1310 56275.08169 Titania 100.0 6.8 1.449 0.013 1.487 0.015 1.026 0.014
160.0 10.7 0.915 0.037 0.955 0.025 1.044 0.050
Oberon 100.0 6.8 1.326 0.017 1.396 0.015 1.053 0.018
160.0 10.7 0.797 0.012 0.828 0.005 1.039 0.017
Umbriel 100.0 6.8 0.736 0.026 0.814 0.008 1.106 0.041
1342257196 1310 56275.08573 Titania 100.0 6.8 1.420 0.014 1.470 0.005 1.035 0.011
160.0 10.7 0.958 0.031 0.952 0.027 0.994 0.043
Oberon 100.0 6.8 1.324 0.008 1.382 0.013 1.044 0.012
160.0 10.7 0.766 0.013 0.799 0.010 1.043 0.022
Umbriel 100.0 6.8 0.703 0.009 0.802 0.007 1.141 0.018
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Appendix B: Relation of PACS photometer detector
response with the telescope background power
in the 70, 100, and 160µm PACS filters
According to Exter et al. (2018), Sect. 7.4.2, the monochromatic
PACS flux density is inversely proportional to the detector re-
sponse R:
fν,1(λ0) [Jy] = Usig
Cconv
R
=
Usig
Rν,1
(B.1)
with
Rν,1 [V/Jy] =
R [V/W]
Cconv [Jy/pW]
(B.2)
Rν,1 is actually not a constant. It depends on the operational
temperature of the bolometers and the IR total flux load, hence
Rν,1 = f(T, Btotal f lux). Btotal f lux is dominated by the background
of the only passively cooled telescope Btelescope. A first descrip-
tion of this detector response effect by the telescope background
was given by Balog et al. (2014). In that study the telescope
background was described as flux/per spectrometer pixel. Klaas
(2016) describes a telescope background model, from which a
telescope background per photometer pixel can be calculated
for each Herschel Operational Day (OD). In Sect. 6 there de-
tector response relations with regard to this calculated telescope
background are shown which are based on observations of stan-
dard stars. In particular at 160 µm the stars are already quite faint
(<3 Jy) and no significant correlation could be derived due to the
uncertainties of the measured fluxes and hence a large scatter of
the data points.
However, the Uranus observations offer high S/N data
points for all three filters. The only prerequisite is to scale
all observations to the same distance (dc). Fig. B.1 shows the
derived relations for the correction factors ctelbg(Btelescope) =(
fUranusmeas (Btelescope)
fUranusmodel
)
dc
. These are (from PSF photometry):
70 µm : ctelbg = 1.2445 − 0.1041 × Btelescope (pW) (B.3)
100 µm : ctelbg = 1.1859 − 0.1496 × Btelescope (pW) (B.4)
160 µm : ctelbg = 1.3678 − 0.2015 × Btelescope (pW) (B.5)
For our Uranus obervations the following correction factors
in Table B.1 are applied to the fluxes (by division, since R is
inversely proportional with fν,1(λ0)).
Table B.1. Telescope background correction factors for the Uranus ob-
servations derived from Eqns B.3 to B.5. The last column gives the dis-
tance correction (dc) factor to bring the Uranus photometry to a mean
distance.
OD c70telbg c
100
telbg c
160
telbg cdist
579 1.0001 0.9989 1.0009 1.0046
789 1.0020 1.0007 1.0038 1.0223
957 0.9939 0.9965 0.9979 0.9903
1121 0.9976 0.9990 1.0020 0.9627
1310 0.9892 0.9947 0.9959 1.0201
While the effect of the distance correction ( c
max
dist
cmindist
) is in the or-
der of 6%, the effect of the detector response change with tele-
scope background (
cmaxtelbg
cmintelbg
) is in the order of 1.3%, 0.6%, and 0.8%
at 70, 100, and 160 µm, respectively, for the data set of Uranus
and its satellites.
Fig. B.1. Relation of PACS photometer detector response, as indicated
by a normalized flux level, with the telescope background power for the
70, 100, and 160 µm filters. The fits were done both for PSF photometry
(red) and aperture photometry (blue).
Article number, page 25 of 25
